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Abstract—Due to the interaction converter control, pre-existing 
distortion and grid impedance, the harmonic levels caused by re­
newable energy sources are continuously changing, and their as­
sessment requires the use of dedicated computer models. Several 
time-domain models have been proposed to carry out this anal­
ysis, however, they fall short of at least one requirement: either 
they do not provide accurate results, or they require an excessively 
long simulation time. This paper presents a novel time-domain 
model to address the gap described above: the proposed model 
employs average functions and a novel switching emulator. There­
fore, it is referred to as “average model with switching emulator” 
(AMSE). The proposed model is compared with existing models, 
and the results indicate that the AMSE meet both requirements 
stated above, as it accurately represents harmonic distortion while 
reducing signiﬁcantly the simulation time. The second part of the 
paper discusses mitigating solutions to harmonic ampliﬁcation in 
systems with a high penetration of VSCs, and shows the effective­
ness of using an active ﬁlter to reduce harmonic levels in system 
experiencing resonance conditions. 
Index Terms—Active ﬁlter, average model (AM), harmonic 
analysis, detailed model (DM), photovoltaic (PV) energy, reso­
nance, voltage source converter (VSC), renewable energy source 
(RES). 
I. INTRODUCTION 
ENVIRONMENTAL concerns and technological advance­ments have accelerated the development of renewable 
energy sources (RESs) and their integration into the power grid. 
Although RESs are becoming a signiﬁcant portion of energy 
generation in many countries, they have some adverse effects 
on grid operation, including impacts on power quality [1]–[3]. 
RESs are connected to the grid bymeans of power converters, 
and commutation of the power switches results in harmonic cur­
rent and voltage components. While in the majority of systems 
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the levels of harmonic distortion caused by RESs are within 
the limits prescribed by the standards [4], [5], the increasing 
number of non-linear loads and RESs connected to the grid is 
expected to cause impacts on grid operation in the near future. 
A survey was carried out among thirty-two utilities in eighteen 
countries, indicating that power quality is becoming one of the 
main concerns for future power grids [6]. 
Predicting the levels of harmonics caused byRESs is complex 
due to the availability of numerous inverter topologies, which 
employ different control approaches and designs. Additionally, 
the harmonics caused by power converters change in time, 
and depend on numerous factors, including the interaction 
between inverter control, system impedance and background 
distortion [7]. 
On the contrary, harmonic studies for distribution systems, 
when performed, typically rely on simpliﬁed models, which 
may not be able to provide a realistic estimate of the harmonic 
phenomena observed in the grid. This simpliﬁcation is due to 
different factors, including lack of detailed models and compu­
tational limits [8]. 
This paper is intended to ﬁll in this gap, by proposing a 
new inverter model which allows studying in detail harmonic 
distortion caused by RESs in large distribution systems, while 
being relatively simple to deploy and keeping the simulation 
time limited. 
The next sectionwill summarize themain factorswhich deter­
mine harmonic interactions between RESs and the power grid, 
and which may result in ampliﬁcation of certain harmonic com­
ponents. Section III will describe the proposed model and will 
compare simulation results and computation time with existing 
models. Section IV and V will study mitigating solutions to 
control harmonic levels in a system operating under resonance 
conditions. 
II. HARMONIC INTERACTION BETWEEN RESS
 
AND THE POWER GRID
 
Harmonic levels caused by RESs depend on numerous fac­
tors: power converter topology, control system design, grid 
impedance and background harmonics are the main ones [9]. 
This section will brieﬂy describe these factors to provide an 
overview of the problem under consideration and to describe the 
requirements for the development of a novel computer model. 
This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ 
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Fig. 1. Typical conﬁguration of a PV system, including a 2-level three-phase 
VSC, an line ﬁlter, and a step-up transformer. 
Fig. 2. Overview of the control blocks and of the measurements for the VSC 
shown in Fig. 1. 
A. RES Conﬁguration and Control System 
In this paper, the topology shown Fig. 1 is considered, as it 
is very commonly deployed. A two-level three-phase voltage-
source converter (VSC) is used to interface a photovoltaic (PV) 
panel to the grid; the grey box labelled ‘PV’ identiﬁes the 
combination of the PV panel and of the dc-to-dc conversion 
stage, used to step-up the voltage across the dc-link capacitor 
C. The VSC consists of two solid-state switches per leg, 
controlled by using pulse width modulation (PWM) technique. 
A low-pass ﬁlters is employed on the ac side to attenuate the 
high-frequency components: in Fig. 1, the ﬁlter is a combination 
of the inductor Lg and the capacitor Cg . A step-up transformer 
allows interfacing the PV system to the grid. A delta-connected 
transformer is used on the inverter side to block the injection 
of triplen harmonic components into the grid. The resistive 
components of the system are not shown in Fig. 1 for simplicity, 
but they are included in the computer model. 
Fig. 2 shows the main blocks of the control diagram used 
to regulate the VSC operation. While this paper only provides 
an overview of the typical control system conﬁguration, more 
details can be found in [11]–[13]: 
- The outer control loop calculates thedq reference currents 
idq ,ref  (zero sequence components are not considered in 
this work as the system is symmetrical) [14]. The q-axis 
reference current iq,ref  is obtained from the reactive power 
reference value Qac,ref  . In most cases, the power factor 
is unity and therefore the Qac,ref  = 0, but in principle the 
power factor can be set to any values between 0 and 1. 
The d-axis reference current is obtained from the dc-link 
voltage controller. 
-	 The currentsiqd,ref  are fed to the current regulator, where 
they are compared to the measured currents idq . The error 
Fig. 3. Single-line diagram of the distribution system used for the analysis: 
each PV unit is connected to the PCC by means of pi-sections (S1 to Sn ). The 
grid equivalent includes a voltage source and a Thevenin impedance, and it is 
connected to the PCC by cable section S . 
Fig. 4. Impedance plots for the distribution system shown in Fig. 3, with 
varying number of VSCs connected to the PCC. 
term is fed into a proportional-integral (PI) block. The 
output of the current regulator are the reference voltages 
vqd,ref  . 
- The reference voltagesvqd,ref  are compared with the car­
rier wave in the PWM block, and the switching pulses for 
the inverter are generated. 
While this paper focuses on the system shown in Fig. 1, it 
is possible to extend the analysis carried out to other RESs 
interfaced to the grid through a VSC, as for the purpose of 
harmonic interaction, the dc side converter dynamics can be 
ignored [15]. 
B. Harmonic Impedance 
Connecting a large number of RESs in close proximity has 
an impact on the grid impedance, although the effect of each 
device may be small. 
The distribution system shown in Fig. 3 is used to study this 
phenomenon. A variable number of PV units with the same 
conﬁguration as the one shown in Fig. 1 is connected to the 
point of common coupling (PCC) by means of cable sections 
S1 to Sn , and PCC is connected to the rest of the grid through 
an equivalent line S. The system parameters are provided in 
Appendix A. The cables and the equivalent lines are represented 
by pi-sections because including the capacitance in the system 
model is important for harmonic studies [9]. 
The system harmonic impedance measured at the PCC with 
a varying number of VSCs is shown in Fig. 4: the peaks and 
the valleys correspond to parallel and series resonances, re­
spectively. With an increasing number of VSCs in service, the 
resonance points shift towards lower frequencies. This can be 
explained by observing that each VSC and ﬁlter combination 
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causes an increase in the total reactance of the system, thus low­
ering the resonant frequency, which in the simplest form can be √ 
expressed as fres  = 1/2π LC. Therefore, varying the number 
of VSCs connected on the system has an impact on the total 
impedance [16]. The impedance plot is not shown for higher 
frequencies because the validity of the computer models used in 
this work is limited to the lower frequency range. Different mod­
els are required to study higher frequencies as described in [10]. 
The switching frequency fsw is also indicated on the same graph 
to provide a comparison with the grid resonant frequencies. 
The dependency of the system impedance on the number of 
VSCs in service contributes to the variability of harmonic levels 
in systems with a large number of RESs, as harmonic cur­
rent and voltage components are ampliﬁed when a resonance 
condition exists at the same frequency. Speciﬁcally, harmonic 
current components are ampliﬁed by parallel resonances (which 
correspond to peaks in the impedance scan), while voltage har­
monic components are ampliﬁed by series resonance (dips in 
the impedance scan) [9]. 
Therefore, harmonic levels in systems with a varying number 
of VSCs are determined by the harmonic injection of each unit, 
but also by the resonance conditions obtained with a varying 
number of units in service. 
C. Background Distortion 
Due to the presence of non-linear loads and sources, the grid 
voltage includes time-varying harmonic components, which are 
often referred to as ‘background distortion’. While the devices 
that generate harmonics are dispersed in the grid, it is customary 
to model background distortion with harmonic voltage sources 
connected in series to the Thevenin equivalent voltage at funda­
mental frequency. 
Background distortion is fed into the inverter control through 
current and voltage measurements, as shown in Fig. 2. As a 
result, the inverter generates additional harmonic components 
when compared to the case of sinusoidal voltage source, due 
to the frequency response of the VSC control loop. The ratio 
between harmonic currents and voltages at the same frequency 
is referred to as ‘auto-sensitivity’ in [6], while the ratio between 
harmonic currents and voltages at different orders is referred to 
as ‘cross-sensitivity’. In [6], the auto- and cross-sensitivities for 
different inverter topologies are compared, and it is shown that 
there is a large variability due to the control system response 
employed in each case. 
D. Harmonic Interaction for the Studied System 
The impact of the factors described above is illustrated by 
means of a case study, that is based on the system shown in 
Fig. 3. Five PVs are considered, and each one employs the 
control scheme illustrated in Fig. 2. The grid equivalent voltage 
source includes the following components in addition to the 
fundamental: 5% amplitude for the 5th harmonic, and 4% 
amplitude for the 7th and 11th harmonics. 
Fig. 5 shows the PCC voltage spectrum for two cases: 1) no 
VSCs in service (green bars), and 2) ﬁve VSCs operating at 
full power (black bars). For the case with no VSCs, the voltage 
components observed at the PCC are very similar to the ones 
Fig. 5. Frequency spectrum of voltage at the PCC for two cases: with no VSC 
in service and with 5 VSCs in service. Background distortion is included in 
both cases. 
included in the background distortion, although the voltage am­
plitudes are slightly ampliﬁed due to the frequency response of 
the grid. 
When ﬁve VSCs are in service, the 5th component is slightly 
damped, while the 7th component increases. However, the im­
pact on low-order harmonics is overall minimal. The most inter­
esting phenomena appear with increasing frequencies: the 11th 
component is signiﬁcantly damped, while new harmonic com­
ponents appear. The most noticeable are the 13th harmonic and 
components with frequencies around 1800 Hz (36th harmonic). 
Even if the amplitude of the high-frequency terms are small, 
they exceed the limits included in some grid codes, such as [4], 
[5]. The source of these harmonic components will be discussed 
in Section III-C. 
The results shown in Fig. 5 indicate that the interaction be­
tween grid impedance, background distortion and VSC control 
system response is complex: even a small number of VSCs may 
lead to generation of new harmonic components which are not 
present in the background voltage distortion, thus illustrating 
the concept off cross-sensitivity introduced in Section II-C. 
III. VSC MODELING FOR HARMONIC STUDIES 
The summary provided in the previous section illustrates that, 
when numerous VSCs are connected in close proximity, the 
harmonic analysis is complex due to the presence of multiple 
interacting factors. 
In order to study the impact of VSCs on harmonic lev­
els, several examples of VSC models have been proposed for 
harmonic studies [8], which can be categorised in two main 
groups: frequency-domain models [15], [17] and time-domain 
models [18], [19] . Each approach has its own advantages and 
limitations. 
Frequency-domain models represent the VSC, the grid 
impedance and the current injection at each harmonic through 
matrices and vectors. Once the model is solved in the frequency 
domain, the voltage and current harmonic components are com­
bined by using the reverse Fourier Transformation, and the 
time-domain waveforms are reconstructed. The main advan­
tage of frequency-domain models is the small simulation time. 
However, they are characterized by a few disadvantages: the 
accuracy of the time-domain waveforms depends on the resolu­
tion of the Fourier Transformation, and the frequency-domain 
sy temmodel is time-consuming to develop when a large grid is 
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considered. In particular, if different grid conﬁgurations need to 
be analyzed, a separate matrix needs to be build for each case. 
Time-domain models are more intuitive to use, as each com­
ponent is represented by using a graphical user interface. This 
approach allows studying multiple conﬁgurations using the 
same model, as different components can be easily switched 
on and off, even within the same simulation. One of the main 
limitations of time-domain model is that they typically require 
long simulation times, in particular when a large number of 
VSCs is included. 
Based on the comparison above, while it is recognized that 
frequency-domain models are advantageous for certain applica­
tions, this paper will focus on the development of an effective 
and simple time-domain model to be used in large distribution 
systems. 
A. VSC Modeling in Time Domain 
Traditionally, system level harmonic studies are performed 
through current injection methods where the VSC is represented 
by a number of ﬁxed and parallel-connected current sources, 
with or without parallel admittance. This approach is known as 
the Norton equivalent model [16], [21]. Although this method 
signiﬁcantly reduces the simulation time, it exhibits a poor ac­
curacy, as it neglects the interactions described in Section II, 
and the consequent time-variation of harmonic components. 
On the other hand, Detailed Models (DMs), while represent­
ing accurately the VSC harmonic injection, result in excessively 
long simulation times, in particular when a large number of 
VSCs is included [8]. 
In order to address the drawbacks of the two approaches 
described above, alternative modelling techniques have been 
proposed. In [20], the power switches are represented as con­
trollable resistors, that are switched on and off based on the 
gate signal. The value of the resistance is determined by the 
valve current/voltage relationship. Since these models neglect 
the transient state of solid-state switches, the simulation time is 
reduced by at least 50% when compared to the DM. However, 
the simulation time cannot be further reduced as the number of 
electrical nodes to solve remains the same as in the DM. 
Average Models (AMs) been proposed to achieve a more 
signiﬁcant reduction of the simulation time [21]. Fig. 6(a) illus­
trates the single phase AM for the PV system shown in Fig. 1: 
the VSC is replaced by a controlled voltage source per phase 
(Vxn , with x = [a, b, c]) on the ac side, and a controlled current 
source (idc ) on the dc side. AMs offer fast simulation speed, but 
they do not give any insights on harmonic and inter-harmonic 
interactions associated with the VSC, since they do not include 
a representation of the power switches. 
To overcome the shortcomings of AMs, a switching AM 
(SAM) incorporating the VSC switching dynamics is intro­
duced in [22]. The SAM uses controllable voltage and current 
sources to represent the active elements of the converter, and the 
harmonic content is generated using two switching functions. 
This model supports all modulation techniques. Fig. 6(b) illus­
trates the single-phase SAM for the system shown in Fig. 1: 
the two switching function blocks f1(t) and f2(t) are introduced 
to mimic the converter’s ac and dc side switching dynamics, 
Fig. 6. Single-phase equivalent models for the system shown in Fig. 1: 
(a) Average model (AM) and (b) Switching Average Model (SAM). The ﬁrst 
model consists of controlled current and voltage sources. The second model is 
obtained by adding two switching functions to the conventional average model. 
In both ﬁgures, the label Vxn  refers to the line-to-neutral voltage for each phase 
x = a, b, c. 
Fig. 7. Three-phase equivalent diagram of the proposed model, that includes 
a switching emulator and is referred to as AMSE. Only one controlled voltage 
source is shown to simplify the ﬁgure. 
r spectively. Although the SAM improves simulation accuracy, 
it still exhibits a high computation time in presence of a large 
distribution grid. 
In the next section, a novel reduced order module is for­
mulated, to decrease the computation time while maintaining 
simulation accuracy. 
B. Average Model With Switching Emulator 
Fig. 7 shows the three-phase equivalent diagram of the pro­
posed time-domain model. Similarly to the AM, this approach 
employs a controllable voltage source to represent the active 
elements of the converter. A switching emulator is introduced to 
mimic the converter modulation - the resulting model is there­
fore referred to ‘average model with switching emulator’, or 
AMSE. The ‘dq frame control’ block is the same shown in 
Fig. 1. 
In Fig. 7, the average line-to-neutral voltage, Vxn , is expressed 
by the following equation: 
1 
Vxn  = dxVdc (1)2
Fig. 9. Voltage at the PCC for the case of 5 VSCs in service and sinusoidal 
grid voltage. Three models are compares: Switching Average Model (SAM), 
Detailed model (DM) and Average Model with Switching Emulator (AMSE). 
Fig. 10. Frequency spectrum of the voltage at the PCC for the three cases 
shown in Fig. 9: (a) Switching Average Model, (b) Detailed Model and 
(c) Average Model with Switching Emulator. 
Fig. 8. Detailed representation of the switching emulator shown in Fig. 7. 
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where Vdc is the dc link voltage and x is the phase modulation 
index. The phase modulation index, dx , is obtained from the 
following equation [21]: 
dx = mx cos(ωt + δ + px) (2) 
where mx is the modulation index, δ is the phase angle of the 
converter terminal voltage with respect to the voltage at the PCC 
and px is the phase shift. For a balanced three-phase system, 
ma = mb = mc , and the phase shifts are equal to 0, −2π/3 and 
−4π/3 for phase a, b and c respectively. 
Fig. 8 shows the schematic diagram of the switching emula­
tor: it consists of a switching function block f1(t), a wideband 
ﬁlter and a variable gain Kc (t). The function f1(t) is the same 
employed in the AM, and shown in Fig. 6(a). 
The normalised valve side voltage vabc  is fed through a PWM 
block and the function block f1(t) to generate a pulsed valve side 
voltage vabc,s . For a two-level VSC, the phase voltage vx,s  is 
calculated from the switching function Sfx , according to the 
following expressions: 
1 
vx,s  = SfxV2 dc
Sf x  = Sfu  − Sf l  (3) 
where Sfu  and Sf l  represent the states of upper and lower legs 
valves, Su and Sl (u = [1, 3, 5], l  = [2, 4, 6]) respectively. The 
values of the switching function,Sfx , are limited to ±1, and are 
obtained from the PWM block. 
The converted signal vabc,s  is fed through a wideband ﬁlter. 
This ﬁlter is tuned to pass frequencies between the cut-off fre­
quency of the ac ﬁlter (the combination of Lg and Cg in Fig. 1) 
and the converter switching frequency fsw . The output of the 
wideband ﬁlter is fed through the gain block to obtain a current 
signal. The gain Kc (t) is adjusted in real-time based on converter 
output power. The current signal iabc,w  is added to the measured 
valve side ac current iabc . The resulting current, iabc,s , is used  
as an input to the inner current loop, shown in Fig. 2. 
As a result of the steps shown in Fig. 8, the phase current in 
the AMSE is expressed as follows: 
1 2ζω s 
ixs  = SfxVdc · c K2  (4)s2 + 2 csζωc + ω2 c 
where ωc is the center frequency and ζ is the damping ratio 
of the wideband ﬁlter. 
C. Numerical Analysis 
Fig. 9 compares the voltage proﬁle at the PCC for the system 
studied in Section II-B, which includes ﬁve VSCs operating at 
full power. In this case, the grid voltage is sinusoidal at fun­
damental frequency. The voltage proﬁles are obtained using 
three different modeling techniques: DM, SAM and AMSE. 
The waveforms included in Fig. 9 show that both the SAM and 
the AMSE closely follow the detailed model even for small os­
cillations. The results obtained with the AM are not included 
because this modeling approach is only able to produce a sinu­
soidal waveform at fundamental frequency. 
Fig. 10 illustrates the frequency spectrum for each one of the 
waveforms shown in Fig. 9, to provide insights on the harmonic 
content obtained by using each model. The y-axis scale is small 
as in this case no background distortion is present and the only 
harmonics observed are the ones due to VSC operation. The 
x-axis is limited to 2500 Hz because above this frequency no 
Fig. 12. Frequency spectrum of voltage at the PCC for the waveforms shown 
in Fig. 11. 
TODESCHINI et al.: TIME-DOMAIN MODELING OF A DISTRIBUTION SYSTEM TO PREDICT HARMONIC INTERACTION 1455 
TABLE I 
COMPUTATION TIME FOR DIFFERENT MODELS 
Fig. 11. Voltage at the PCC for the case of 5 VSCs in service and backgroun
distortion included in the grid voltage source. Three models are compared
SAM, DM, and AMSE. 
d 
: 
signiﬁcant harmonic components are observed. In particular, 
the switching component at 4 kHz is effectively damped by the 
inverter output ﬁlter. The results displayed in Fig. 9 show that 
both the AMSE and the SAM show a good accuracy compared 
to the DM, although the harmonic components obtained with 
the AMSE are slightly damped compared to the DM. 
The spectra included in Fig. 10 show harmonic components 
in the region around 1800 Hz, which are due to harmonic inter­
action between the VSCs and the grid impedance. To understand 
this phenomenon, one has to consider the frequency scan shown 
in Fig. 4: when ﬁve VSCs are in service, a resonance peak can 
be identiﬁed just below 2 kHz. A zoomed-in version of the 
graph shows that this peak is obtained for a frequency close to 
1800 Hz. As a results, the control system response of the ﬁve 
VSCs tends to amplify harmonic components in this frequency 
range. With varying number of VSCs in service, the frequency 
of the oscillations changes, as it is dependent on the frequency 
of the resonance peaks of the grid impedance. Even if the am­
plitude of the oscillations is quite small, an accurate model for 
harmonic studies must be able to duplicate these phenomena. 
Together with accuracy, computation time is a second essen­
tial criterion to consider for a model used to analyze power 
quality performance of inverters. Table I summarizes the com­
putation time of each modeling technique. The AMSE fea­
tures the smallest computation time, while still allowing great 
accuracy as shown in Fig. 10: for the case of ﬁve VSCs in ser­
vice, the simulation time is six times less than the one required 
by the DM, and approximately half than the one required by the 
SAM. For simulations including a larger number of VSCs, the 
advantage of the AMSE in terms of computation time becomes 
more evident. 
The performance of AMSE is further investigated by includ­
ing harmonic components in the grid equivalent source. Figs. 11 
and 12 show the time domain representation and frequency spec­
trum of the voltage at PCC, respectively. The results are com­
pared for the same modeling techniques discussed earlier: DM, 
SAM and AMSE. In this case, the distortion is more visible 
because background harmonics are included, an they dominate 
the frequency spectrum at low frequency. As a result, the three 
models show a good agreement for frequencies below 1 kHz. 
For higher frequencies, the SAM is less sensitive towards the 
resonant components (between 1750 and 1850 Hz). 
The results analysed in this section allow concluding that the 
proposed model is accurate in reproducing harmonic distortion 
caused by VSCs, both in presence of sinusoidal voltage source 
and of harmonic distortion. At the same time, theAMSEexhibits 
a low simulation time compared to both the DM and the SAM. 
IV. HARMONIC MITIGATION 
Different mitigating solutions are available to reduce the ef­
fect of harmonics. The most effective approach consists in re­
ducing harmonic current emissions from the source, i.e. the 
VSCs, and standards such as [4] and [5] have been developed 
with this purpose. As a result, the latest generations of VSCs 
and non-linear loads generate small amounts of harmonics, as 
illustrated by the waveforms shown in Fig. 9. However, with 
increasing levels of non-linear loads and RESs, and interaction 
with the grid impedance, it is expected that harmonic levels may 
be exceeded under certain operating conditions. 
Passive ﬁlters are used to mitigate excessive harmonics by 
creating a low-impedance path at one or more frequencies 
[9]. While passive ﬁlters are a proven technology with well-
established manufacturing and design practice, there is a con­
ce n that theymay not be suitable tomitigate harmonic problems 
in power systems with high level of RESs, due to a few reasons: 
1 RESs generate harmonics across a broad range of frequen­
cies which changes in time, while passive ﬁlters are tuned 
to speciﬁc frequencies. Therefore, they may not be effec­
tive under all operating conditions. 
2 With growing number of harmonic sources, the duties im­
posed on the ﬁlters will increase, thus causing overload 
conditions which may lead to ﬁlter failure [23]. 
3 The combination of the ﬁlter impedance and a changing 
numbers of VSCsmay introduce new resonance conditions 
in the system. 
Given the disadvantages highlighted above, this paper pro­
poses the use of Active Filters (AFs) to mitigate harmonic com­
ponents in systems with high penetration of RESs. 
The concept of AF has been proposed a few decades ago 
in [24] and consists in using a shunt-connected three-phase 
power converter to absorb harmonic current components from 
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Fig. 13. The modiﬁed system where an AF is connected at the PCC. The main 
control blocks and measurements are included. 
the grid.More recently, there has been a renewed interest in AFs, 
due to a few reasons, including: increasing levels of harmonics, 
improved performance of power converters, and a reduction in 
the cost of these devices [25]–[28] . 
Using this alternative solution alleviates some of the concerns 
highlighted above for passive ﬁlters: 
1 AFs allow mitigating a broad spectrum of harmonic 
components, and the control system quickly responds to 
changes in the frequency of harmonic currents to compen­
sate. 
2 It is less likely to overload and damage an AF due to the 
protection installed both at the control level and at the relay 
level. 
3 An AF does not alter the grid frequency response to the 
same extent as a passive ﬁlter. Some interaction still exists, 
due to the coupling of the power converter capacitance to 
the system through power switches operation. 
For the system under study, an AF is installed at the PCC 
as shown in Fig. 13, together with the main control blocks. 
The operating principle of the AF is the following: the power 
converter is modulated in such a way to inject harmonic currents 
which are equal in magnitude and opposite in phase with respect 
to the harmonic currents detected in the power grid. 
To achieve this objective, adq frame-based control is imple­
mented. The grid voltages vabc  are fed through a Phase-Locked-
Loop (PLL), which detects the phase θ with respect to phase a
grid voltage, that is one of the inputs for the block that performs 
the dq transformation [14]. The voltages vabc , the AF output 
currents iabc,f  and the line currents iabc,L  are transformed in 
the equivalent dq domain. These quantities are then the input to 
the inner loop, which will be described in the next paragraph. 
The inner loop generates the reference voltages vdq,ref  , that are 
then transformed in the abc domain and used to generate the 
switching pulses. 
Fig. 14 shows the inner current loop, for both d and q current 
components. Only the d-axis path is described as d and q are 
almost identical. Since the dq axes rotates at the same speed 
as the grid voltage phasors, the fundamental current correspond 
to a dc component in the equivalent domain [29]. Therefore, it 
can be removed easily by using a dc ﬁlter, without affecting the 
oscillatory components which are obtained from the harmonic 
currents. The output of the ﬁlter is the harmonic reference cur-
rent. This current is compared with the measured current at AF 
terminals. The error term is fed to the PI controller, and the 
Fig. 14. Details of the Inner Loop: the reference voltages vd,r ef  and vq ,r ef  
are obtained from the harmonic reference currents and from the voltages 
measured at the PCC. 
Fig. 15. Impedance plot for the modiﬁed distribution system: low resonance 
peaks appear in proximity of the 7th and 11th harmonic 
output is the reference harmonic voltage. This voltage is added 
to the measured grid voltage vd , to provide the reference voltage 
vdq,ref  , that are used to generated the switching pulses. 
V. SIMULATION RESULTS 
This section presents simulation results showing the effec­
tiveness of the proposed AMSE under resonant conditions, and 
the use of AF to mitigate harmonic ampliﬁcation. 
The system conﬁguration used in the previous sections is 
adopted (ﬁve VSCs are in service), and the AF is connected at 
the PCC, as shown in Fig. 13. The cable lengths are modiﬁed to 
create two resonance points close to the 7th and 11th harmonic. 
The new cable lengths are listed in Appendix A. The impedance 
plot for the modiﬁed system is provided in Fig. 15: this graph 
shows a few (series and parallel) resonance conditions up to 
3 kHz.  
Using this new system topology, two cases will be analyzed in 
the next sections. For both cases, current waveforms are plotted 
as this quantity is the one affected the most by AF operation. 
A. Sinusoidal Voltage Source 
The current at the PCC is shown in Fig. 16,where theAMSE is 
compared with the detailed model, that provides the benchmark 
for accuracy. With the updated cable lengths, new resonance 
conditions are met at the lower frequencies, and therefore the 
current at the PCC results visibly distorted. The results in Fig. 16 
indicate that the AMSE is able to track these oscillations, thus 
conﬁrming that the proposed model is accurate. Fig. 17 shows 
the same simulation when the AF is implemented: the improve­
ment of the waveform is quite signiﬁcant and demonstrates that 
Fig. 19. Current harmonic components for the case shown in Fig. 18: com­
parison of harmonic components for t < 2 s (No AF) and for t ≥ 2 s is shown.  
ig. 17. Current at the PCC for the same case as in Fig. 16, with AF in service. 
ig. 18. Current at the PCC for the modiﬁed system, 5 VSCs in service, and 
ith background distortion included. The AF enters in service at t = 2 s.  
ig. 16. Current at the PCC for the modiﬁed distribution system, with ﬁve 
SCs in service and no background distortion. 
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the AF is effective in removing the harmonic currents generated 
by the VSCs. 
B. Background Distortion 
The case studied in the previous section is repeated with 
background distortion is included into the model, using the 
same spectrum applied in Section II and Section III. The 
current waveforms obtained with the AMSE are shown in 
Fig. 18, where the AF is activated at t = 2 s. The AF is not 
as effective in mitigating the harmonic components in this 
case, because the majority of the distortion is caused by the 
grid, which acts as an i ﬁnite source of harmonics. The current 
spectra shown in Fig. 19 provide some further insights and 
indicate that the distortion is mostly caused by the harmonic 
components included in the grid voltage. The AF mitigates the 
harmonic components caused by the VSCs. This case illustrates 
the importance of controlling voltage distortion in the grid, 
because pre-existing harmonics are difﬁcult, if not impossible 
to mitigate. Very large ﬁlters (either passive or active) would 
be required, but their cost and size would be prohibitive. 
VI. CONCLUSIONS 
This paper focused on the modeling of harmonic distortion 
caused by RESs in large distribution systems: after a summary 
of the main factors which affect harmonic levels in the grid, 
a new model for harmonic studies is proposed, referred to as 
‘average model with switching emulator’ (AMSE). 
Comparison between theAMSEand existing models has been 
carried out for a distribution system including multiple VSCs, 
and the impact of resonance condition and background distor­
tion has been analysed. The results allow concluding that the 
proposed model accurately replicates harmonic distortion, while 
signiﬁcantly reducing the simulation time. 
The last section of the paper studies harmonic levels in a 
system operating under severe resonance conditions. The results 
indicate that the proposed model is effective in reproducing 
harmonic ampliﬁcation under these conditions as well. It also 
shows the effectiveness of the AF in mitigating harmonic 
currents generated by the VSCs, while background distortion 
is mostly unaffected. 
The next steps of this analysis will address the impact of both 
RESs and AFs on the higher order harmonics (known as supra-
harmonics [30]), as both these categories of devices implement 
high switching frequencies. The study of these frequencies re­
quire a different type of modeling and therefore it cannot be 
addressed using the approach described in this paper. 
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